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Summary 

Each of twelve tumors induced by either Rous-as- 
roclated virus-1 or -2 (RAV-1 or RAV-2) contained a 
predominant populetlon of cells wlth ALV provlruses 
Integrated at common sites, consistent with a clonal 
origin. Seven of nine RAV-2-Induced bursal tumors 
contained single proviruses, and all seven solitary 
proviruses had suffered deletions. The detailed 
structures of four of these provlruses show that 
major deletions had occurred near or at the 5' ends, 
spanning sequences potentially Important in the 
production of viral RNA. One provirus also lacked 
most of the Information coding for the replicative 
functlons of the virus. Restriction maps suggest 
that these four proviruses were inserted in simllar 
regions of the host genome. We have studied virus- 
specific RNA in four bursal tumors and four cell 
lines derived from bursal tumors. No normal viral 
RNA species were detectable In three tumors con- 
taining single aberrant proviruses. However, tran- 
scripts of 2.2 kb which reacted only wlth a hybrldi- 
zation probe specific tor the 5' end of viral RNA 
were observed in one of these three tumors. Anal- 
ogous species, varying In length from 1.5 to 6.0 kb, 
were observed in a fourth bursal tumor with multiple 
proviruses and In all four cell lines. (Thls tumor and 
the cell lines also contained normal species of ALV 
mRNA and apparently normal provlral DNA.) The 
structures of the aberrant proviruses and the ab- 
sence of normal viral RNA in some tumors Indicate 
that expression of viral genes is not required for 
maintenance of the tumor phenotype. In at least 
some cases, the mechanlsm of oncogenesis may 
involve stlmulation of transcription of flanking cel- 
lular sequences by a viral promoter. 

Introduction 

Avian leukosis viruses (ALVs) most frequently induce 
lymphatic neoplasms of the B cell lineage arising in 
the Bursa of Fabricius of chickens (for review see 
Purchase and Burmeister, 1978). The characteristics 
of oncogenesis by ALVs place these viruses in a 
unique category of avian retroviruses. ALV-induced 
bursal lymphomas become microscopically evident 

only 4-6 weeks after infection and require 4-6 
months to reach macroscopic size. ALVs do not trans- 
form cells in culture, and no gene responsible for their 
oncogenic effects has been identified. In contrast, the 
other major classes of avian retroviruses, the sarcoma 
and the defective leukemia viruses, induce neoplasms 
which become grossly apparent within a few weeks 
after infection and kill the chicken within 1-2 months; 
in addition, these viruses transform their respective 
target cells in culture. Rous sarcoma virus has been 
shown to exert its oncogenic effects via a protein, 
pp60'" (Brugge and Erikson, 1977; Purchio et at., 
19781, which is not required for virus replication and 
is encoded in a gene (src) which has been transduced 
from the cellular genome (Stehelin et al., 1976; Spec- 
tor et al., 1978a). Transduced host cell sequences 
also appear to be responsible for the oncogenic ef- 
fects of the defective leukemia viruses and other sar- 
coma viruses (Sheiness and Bishop, 1979; Roussel et 
ai.. 1979). 

The mechanism by which ALVs might exert their 
oncogenic effects has remained obscure. ALVs do not 
appear to contain transduced cellular sequences or 
to encode proteins other than those required for rep- 
lication (Vogt, 1977). Sequences located near the 3' 
end of viral RNA have been implicated in ALV onco- 
genesis (Tsichlis and Coffin, 1980) because this re- 
gion exhibits the only major divergence (Neiman et 
al., 1977; Coffinetal.. 1978; Shanketal., 1981)from 
the sequences of a nononcogenic avian retrovirus 
endogenous to some normal chickens, RAV-0 (Motta 
et al., 1975; Purchase et ai., 1977). 

We have begun to investigate the mechanism of 
ALV-induced tumorigenesis by analyzing the ALV- 
specific DNA and RNA found in bursal lymphomas 
and tumor cell lines derived from ALV-induced bursal 
lymphomas. We have found that the tumors appear to 
be clonal and that several contain single proviruses, 
allowing us to determine the structure of the provirus 
presumably responsible for oncogenesis in each case. 
Most of these proviruses exhibit deletions which span 
regions potentially important in viral RNA biogenesis. 
At least one deletion also removes most of the genetic 
information present in the provirus. 

Our analysis of virus-specific RNA in tumors and 
tumor cell lines has revealed RNA species which may 
result from transcription of host cell sequences initi- 
ated at viral promoters. In addition, in three tumors 
with solitary, defective proviruses, we were unable to 
detect normal viral mRNAs. Similar results have been 
obtained by Nee1 et al. (1981). 

Results 

Restriction Map of RAV-2 DNA 
In order to analyze RAW2 proviruses present in bursal 
tumors, it was necessary to construct a map of restric- 
tion endonuclease recognition sites present In RAV-2 
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DNA. Using techniques similar to those described by 
Shank et al. (19781, we derived a physical map of 
restriction sites in RAV-2 linear DNA. The approximate 
relationships between restriction sites, viral RNA, viral 
genes and the long (330 bp) terminal redundancy 
(LTR) are shown In Figure 1. Kpn I, Sac I and Hind 111 
cleave the viral DNA once. Eco RI and Earn HI each 
produces three internal fragments from RAV-2 DNA, 
some of which comigrate with internal fragments from 
proviruses endogenous to chickens used in our study. 
However, the 2.3 kb and 1.1 kb Eco RI fragments and 
the 1.8 kb Barn HI fragments are derived only from 
exogenous RAV-2 proviruses and have been used as 
signature fragments diagnostic of specific regions of 
the RAW2 provirus (see Figure 1). 

ALV-lnduced Tumors Are Clonal and Conteln Few 
ALV Provirusee 
In this report we present results obtained with tumors 
from eight SPAFAS animals and one 1 5Is X 7* animal 
inoculated with RAV-2. in addition, we have analyzed 
tumors from three 1 515 x 7* blrds infected with RAV- 
1 (see Experimental Procedures). Table 1 summarizes 
information concerning each of the tumors used in the 
experiments described in subsequent sections. 

Digestion of proviral DNA with restriction endonu- 
cleases produces two types of virus-speclfic frag- 
ments: fragments containlng viral sequences linked to 
host sequences (junction fragments) and internal frag- 

I B 
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Flgure 1. Magramatk Repressntatbn of Redrlction Enzyme R e o  

The wsltiona of the resMctlon sites were determined a8 described 
by Shank et al. (1 978). Unlntegrated RAV-2 DNA was prepared from 
the Hlrt supernatant fracllon of chlcken cetla acutely Infected by the 
vhus stock ale0 used for lnductlon of tumora in chickens. Restriction 
fragments were ordered ualng wobes 6peClRc for various regions of 
the viral RNA. sequential digestlone with two rwtrlction enzymes and 
comDarlm of the resbktlon fragment pattern8 of form I and form 111 
viral DNA. These data were supplemented with Information obtalned 
from restrlctlon enzyme dkests of RAV-2 DNA cloned in bacterio- 
phage hgtWES.hB (see Experimental Procedures). A: Eco Ri: E: Bam 
HI: S: Sac I; k Kpn I: H: Hind 111. The termlnal r m a t s  (LTR). 
approxlmateiy 300 bp. are drawn as boxes at the ends of the DNA. 
The open box represents sequences 6pecBc to the 3’ end of the vlral 
RNA (U& Ule shaded boxes represent sequences spacltlc to the 5’ 
end of viral RNA (Ud. The approximate IocaWcna of viral genes ere 
hdicated on the diagram of vlral RNA. “Slgnature fragments.” whkh 
dlstiwtAsh RAV-2 DNA from provirUSe8 endogenous to the chkkens 
uaed in thls study. are marked by ihes connecllng the two restriction 
eltes. The sizes of thwe fragments In kiloba6e palr8 (kbp) are shown. 
Some of Me probes used In our studies represent the regions delin- 
eated by the labeled lnes balween the diagrams of vlral RNA and 
ONA. Description8 of the content of each probe are Included In the 
Results. 

ognltion Sites In RAV-2 DNA 

Table 1. Number and Structura of Provlruaea in ALV-Induced Tumors 

TlMUes 
Vkus laolated Containing Number of Structure of 

Chlcken ViNs from Bursal Tranaformed Exogenous Exogenous Endogenous 
Source Parental Llnes Nunbar Inoculated Tumor’ Lymphocytest Proviruaea ProvINSeS Provlrai LodS 

SPAFAS 11 1 RAV-2 - B 1 Defective evl. ev4 

SPAFAS 11 2 RAV-2 + B 1 Defective ev 1, ev4 

SPAFAS 11 3 RAV-2 - a 1 Defective evl. ev4 

SPAFAS 11 4 RAV-2 - B ‘ 1  Defective ev1 

SPAFAS 11 5 RAV-2 - B.L 1 Defectlve 

SPAFAS 11 6 RAV-2 + B,LS 1 Defectlva 

SPAFAS 11 7 RAV-2 - BLS 1 DefeCtlM) 

RPRL 161s x 7, 21 RAV-2 B.LS 3 

SPAFAS 11 11 RAV-2 - B a?) Defective evl 

Defective and 
nondelectlve~ 

RPRL 1516 x 7, 31 RAW1 B.S 4 Nondefectlvel 

RPRL 151s X 71 32 RAV-1 B.S 3 Nondefectivel 

RPRL 1616 x 72 33 RAV-1 3 Nondefectivel 

. See Experimental Procedures. 
t B: buraa: L liver; S: spleen. * evl and ev4 are endogenous prwlNsea MMCIated with the ga- cM- phenotype of certain chicken linea and have been defined by restrktlon 
endonucleaae analyses and bmedlng experiments (Amrln et al.. 1979). In caae8 for which no locl 8re Ilrted. tibe endogenous locl were n d  
charactsrlred . 
§ Ern RI digestion of DNA from this t u r n  produced the expected 2.3 kb and 1.1 kb fragments In addltion to other ECO RI fragments containing 
sequences normally found In the 2.3 kb Eco RI fragment (see text). 
1 ECO Ri dlgestion of DNA from these tumors did not reveal aberrant fragments. This does not preclude the presence of abnormal RAV-2 proviruses 
(see text). 
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ments common to all normal proviruses, regardless of 
the integration site in host cell DNA. Because retroviral 
DNA can enter many sites in host DNA (Hughes et al., 
1978; Steffen and Weinberg, 1978), analysis of junc- 
tion fragments requires a clonal population of cells, 
homogeneous with respect to sites occupied by pro- 
viral DNA. Studies of proviruses in murine tumors 
induced after long latency by leukemia and mammary 
tumor viruses have indicated that such tumors are 
clonal or semiclonal (Steffen and Weinberg. 1978; 
Cohen et al., 1979; Cohen and Varmus, 1980; Jahner 
et ai.. 1980) and hence amenable to full analysis of 
proviruses with restriction enzymes. We (see below) 
and others (Neirnan et el., 1980; Nee1 et el., 1981 ; Y. 
K. Fung and H. J. Kung, personal communication) 
have confirmed this observation using tumors induced 
by the ALVs. 

The presence of ALV-related endogenous provi- 
ruses in most chickens complicates the analysis of 
restriction fragments of ALV DNA in tumors. Hughes 
et al. (1981 b) and Hayward et al. (1979) have con- 
structed physical maps of most of the endogenous 
proviruses identified by Astrin et al. (1 979). We have 
t h u s  been able to identify the endogenous proviruses 
present in several of the tumors analyzed (see Table 

To address the issue of clonality and to estimate the 
number of copies of ALV DNA in each tumor, tumor 
DNAs were initially tested with enzymes which cleave 
once in RAV-2 proviral DNA. Such enzymes produce 
two fragments from each normal RAV-2 provirus pres- 
ent in the tumor cells; these fragments are absent 
from parallel digests of DNA from uninvolved tissue 
from the same bird. Analyses of DNA from two tumors 
are illustrated in Figure 2. Hybridization of a probe 
representing the entire viral genome (cDNA,,) to a 
Kpn I digest of DNA from tumor LL 5 revealed two 
fragments (Figure 2 lane 1) not found In a digest of 
DNA from uninfected normal liver cells (Figure 2 lane 
3). This tumor was thus clonal or semiclonal and 
probably contained only one new exogenous provirus. 
Annealing of cDNA,, to a Hind Il l  digest of DNA from 
bursal tumor LL 6 produced two bands (lane 4) which 
were absent in a digest of DNA from uninfected red 
blood cells (lane 6). This tumor was clonal and also 
apparently contained a single RAV-2 provirus. 

Proviruses in Metastatic Growths Are Identical to 
Those in the Primary Tumors 
Some birds with bursal tumors were found to contain 
metastases in the spleen or liver. We were thus able 
to ask whether the metastatic lesions were clonal and 
whether they contained the same RAV-2 proviruses 
as the primary tumors. 

A Kpn I digest of DNA from a focus of tumor cells 
present in the liver of chicken 5 (Figure 2 lane 2) was 
indistinguishable from the digest of bursal tumor DNA 
(lane 11, suggesting that the metastatic cells also 
contained a single RAV-2 provirus integrated at the 

same location as the provirus in the bursal tumor cells. 
The liver tumor apparently resulted from proliferation 
of bursal tumor cells without amplification or extensive 
alteration of proviral DNA. These conclusions were 
supported by further mapping experiments with ma- 
terial from chicken 5, using additional enzymes and 
hybridization probes (data not shown). and by analysis 
of DNA from the bursal tumor, a splenic metastasis 
and uninfected circulating red blood cells from bird 6. 
As revealed by digestion with Hind 111 (lanes 4-61, the 
primary tumor and the metastatic growth appeared to 
harbor the same single RAV-2 provirus. 

The Single RAV-2 Provirus Present In Bursal 
Tumor LL 1 Is Detective 
The existence of clonal tumors containing single ex- 
ogenous proviruses allowed us to construct physical 
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maps of the proviruses presumably responsible for 
tumorigenesis. In Figure 3, we present a partial anal- 
ysis of the single provirus in tumor LL 1. Kpn I pro- 
duced two tumw-specific fragments of 11.8 and 8.2 
kb from LL 1 DNA (Figure 3A lanes 1 and 2). as 
expected for a clonal growth bearing a single new 
provirus. The 11.8 fragment was clearly distinguish- 
able from a similarlysired fragment containing endog- 
enous proviral DNA in an autoradiogram obtained 
after a shorter exposure. This result was confirmed in 
tests with Hind 111 and Sac I, both of which cleave 
RAV-2 DNA once (data not shown). To investigate the 
genetic composition of this provirus, we annealed 
RAV-2 cDNA3, to the Kpn I digest of LL 1 DNA (Figure 
3A lanes 3 and 4). cDNAr is complementary to unique 
sequences located at the 3' end of the viral RNA (Us; 
see Figure 1 and Experlmental Procedures), and it 
should anneal to both of the tumor-specific Kpn I 
fragments by virtue of the Us sequences located in the 
proviral LTRs. However, only the 8.2 kb Kpn I frag- 
ment reacted with RAV-2 cDNA3,; the 11.8 kb frag- 
ment did not react (Figure 3A lanes 3 and 4). The Bam 
C probe, specific for sequences located in the gag 
gene of both exogenous and endogenous proviruses 
(see Figure 1). annealed to the 1 1.8 kb Kpn I fragment, 
but not to the 8.2 kb fragment, identifying the larger 
fragment as the left junction fragment (Figure 3A lanes 
5 and 6). The slmplest Interpretation of these data Is 
that the RAV-2 provirus present in this tumor lacked 
U3 sequences at the left cell/provirus border. 

E KQRI 

Dlgestlon of DNA from LL 1 with an enzyme, Eco 
RI, that cleaves RAV-2 proviral DNA at multiple sites, 
supported this observation. Eco RI digestion of a 
normal RAV-2 provirus, coextensive with linear viral 
DNA, should produce three internal fragments (see 
Figure 1) which can be detected with cDNA,,. Only 
about 150 bp at each end of proviral DNA remain 
joined Io cell sequences, and the Eco RI junction 
fragments cannot be detected with cDNA,.,. The 3.8 
kb internal fragment, bearing sequences from the 
center of the RAV-2 provirus, comigrates with a similar 
fragment from the endogenous proviruses present in 
these chickens. However, the internal restriction frag- 
ments of 2.3 and 1.1 kb are unique to the RAV-2 
provirus because the Eco RI recognition sites located 
in the RAV-2 LTRs do not occur in the LTRs of the 
endogenous proviruses (Hughes et al., 1981 b). 

Eco RI digestion of the RAV-2 provirus in LL 1 
generated the expected 1.1 kb Eco RI fragment, but 
the 2.3 kb fragment was absent (Figure 3B lanes 7 
and 8). (The 1.1 kb fragment is dlfficult to see in lane 
7, but it was clearly evident in the autoradiogram and 
readily visualized by annealing with cDNAs [lane 
111.) An additional unexpected Eco RI fragment of 13 
kb was detected in the digest of the tumor DNA. The 
Barn C probe, composed of sequences contained 
entirely wlthln the normal 2.3 kb Eco RI fragment, 
hybridized to the 13 kb fragment (lanes 9 and 10). 
These findings suggest that a deletion which removed 
the Eco RI site in the U3 region of the left LTR linked 
sequences normally found within the 2.3 kb internal 
fragment to host sequences (see Figure 4). 

This interpretation was supported by annealing with 
cDNAY, which should detect four Eco RI fragments 
from a normal RAV-2 provirus: two internal fragments 
and two host-provirus junction fragments (see Figure 
1). If the Us sequences in the left LTR have been 

nal 1.1 kb fragment and the right junction fragment. 

fragment but dld anneal to the 1.1 kb fragment and 
dan tn afrmanf. pcreulmAhly the cigh.t-tLuui \imrjhn. 
fragment, migrating at 3.2 kb (this band was weak 
due to the small region of homolog-vI60 b9.D [Figure 
38 lanes 11 and 12). 

cDNAS contains sequences complementary to the 
bases unique to the 5' end of viral RNA (Us). These 
sequences are also located in the LTRs (see Figure 
1). Normally cDNA,. would anneal to the Internal 2.3 
kb fragment and to the right host-provirus junction 
fragment in an Eco RI digest of RAV-2 proviral DNA, 
but cDNA, reacted only with the 3.2 kb fragment from 
the abnormal RAV-2 provirus in LL 1 (lanes 13 and 
14). This confirmed the Identity of the 3.2 kb fragment 
as the right host-provirus junction fragment. The faii- 
ure of either cDNA3 or cDNAS to hybridize to the 13 
kb fragment indicated that both US and Us sequences 
were missing from the left LTR (Figure 4). 

r ( - l - h 4  +hnn n n M A  mh-oolr l  r n o d  nnl.. .a. i+h tha in+nr- 
U.=,~,~U.  L I I P I I  r v a r n 3  .aII""," ,cab. "Illy nllll L l l c i  1111c1 

ho prodiotod. oDN& did not road with tho 13 kb 



Viral RNA and DNA in Bursal Tumors 
31 5 

1 .  

11 1 - 
I 

1 )  .----_- . I n  I . I  
114  ..-... 1 

Figure 4. Physical Maps of Regions Deleted from Single Proviruses 
Preseni in Four Bursal Tumors 
The diagram of RAV-2 DNA (top) illustrates the LTRs, relevant restric- 
tion sites and approximate gene locations. The region which may 
contain the proviral promoter and polyadenylation signals (Shank et 
a1 , 1978: Hughes et ai.. 1978: Sabran et ai.. 1979: Czernilofsky et 
at.. 198(1: Tsichlii and Coflin, 1980; Swanstram et al.. 1981). and 
the sequences containing the env mRNA splice donor site (P. Hackett 
and G. Gasic. personal communicalions) are indicated. The region 
deleted from the provlrus in each tumor (LL 1 through U 4) is drawn 
below the RAV-2 DNA. These diagrams represent minimal estimates 
of the extent of each deletion. The deleticms could extend into the 
regions dotted in the diagrams of the proviruses from LL 2 and LL 4. 
The RAV-2 DNA in LL 4 retained one LTR. but we are uncertain 
whether It orlglnaled a1 the left or right end of the provirus. 

Many Tumors Contain Abnormal Proviruses 
The results in the previous section suggest that one 
of the bursal tumors contained an abnormal provirus, 
and demonstrate how Eco RI can be used to screen 
tumors for proviruses that have suffered major alter- 
ations. 

We have analyzed DNA from 12 tumors with Eco RI 
and with at least one enzyme which cleaves once in 
RAV-2 DNA (data not shown). Seven of these tumors 
appeared to contain single RAV-2 proviruses (Table 
1). All seven solitary proviruses have sustained alter- 
ations that affect at least the region defined by the 
Eco RI 2.3 kb fragment. The tumors Containing multi- 
ple proviruses were more complicated. One tumor 
probably contained two defective exogenous provi- 
ruses: another probably contained both defective and 
nondefective exogenous proviruses. Finally, DNA 
from three other tumors yielded all of the expected 
Eco RI fragments but no aberrant fragments. How- 
ever, this analysis was insufficient to exclude the 
presence of one or more abnormal proviruses in these 
tumors. 

Physical Maps of Single Aberrant RAV-2 
Proviruses in Tumors LL 1 - U  4 
We have used the strategles illustrated with LL 1 to 
construct detailed physical maps of single aberrant 
RAV-2 proviruses present in four tumors (LL 1-4). 
These experiments are not shown (data available upon 
request). In each case, single deletions appeared to 

Flgure 5. Maps of Restrictlon Sites In Host Cell DNA Flanking the 
AAV-2 Provirus in Three Tumors 
The sites of integration are marked by diamonds The restriction 
enzyme symbols are the Same as in Figure 1. The maps are oriented 
so that transcription of the sense strand of Proviral DNA would 
Droceed from left to right (see Figure 1). 

account for the mapping data; the extent of the lesions 
is diagrammed In Figure 4 and discussed more fully 
below. 

Physical Maps of DNA Flanking Proviruses in LL 1, 
LL 2 and LL 3 Reveal Similar Integration Sites 
Using the mapping data from which the proviral dele- 
tions were deduced, it was possible to construct phys- 
ical maps of the regions of chicken DNA which had 
acquired RAV-2 proviruses in LL 1 ,  LL 2 and LL 3; 
these maps are depicted in Figure 5. 

The restriction enzyme recognition sites in the DNA 
flanking the proviruses in tumors LL 1 and LL 3 could 
be unambiguously mapped, based on the sizes of the 
host-provirus junction fragments. Since the exact size 
of the deletion in the provirus in tumor LL 2 was not 
determined, we could not be certain of the absolute 
distances between the recognition sites encompass- 
ing the deletion, although we were able to estimate 
the distances to within 1 kb (Figure 4). Moreover, the 
deletion must affect the size of each host-provirus 
junction fragment similarly; the order and position of 
the sites could therefore be determined relative to 
each other on each side of the provirus. 

The positions of recognition sites for Barn HI, Kpn 
I. Eco RI and Hind 111 to the right of the proviruses in 
tumors LL 2 and LL 3 were identical. The recognition 
sites of these enzymes to the lefl of the proviruses 
had the same order and same position relative to each 
other. If we assume that the deletion in the provirus of 
tumor LL 2 spanned 1.2 kb (a reasonable estimate, 
based upon the data), then the recognition sites were 
identical on both sides of the integration sites occu- 
pied in LL 2 and LL 3. (We have made this assumption 
in Figure 5.)  

Sac I did not cleave either of these proviruses. The 
Sac I fragment containing the provirus in tumor LL 2 
was 20 kb, and the provirus-containing Sac I fragment 
from the DNA of tumor LL 3 was 24 kb. The extent of 
the deletions in the two proviruses could not differ 
sufficiently to account for this 4 kb difference. Thus 
there must have been a difference in the position of 
the Sac I recognition sites in the host sequences 
flanking the proviruses. However, the cell sequences 
flanking the proviruses in tumors LL 2 and LL 3 seem 
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to be very similar and might exhibit only minor differ- 
ences, including one within the 6 bases comprising a 
Sac I recognition site. Many examples of genetic 
polymorphism recognized in this fashion have been 
reported (Mandel et al.. 1978; Weinstock et al., 1978; 
Lai et al., 1979; Hughes et ai., 1979). 

Comparison of the maps depicted in Figure 5 re- 
veals that the positions of restriction sites in DNA 
flanking the LL 1 provirus are very similar to the sites 
in DNA flanking the U 2 and LL 3 proviruses. but 
inverted in orientation. (Again Sac I appeared to dif- 
ferentiate the Integration sites, but the differences 
may be due to sequence polymorphisms as described 
above.) We suggest that similar regions of the host 
genome have been used as integration sites in LL 1 - 
LL 3, but that the provirus in LL 1 was inserted in an 
orientation opposite to that of the proviruses in LL 2 
and LL 3 (see Discussion). 

The limited number of useful restriction sites in the 
truncated provirus in LL 4 stymied efforts to generate 
a detailed map of the integration site. However, single 
and double digestions with Eco RI and Sac I have 
shown that sites for these enzymes were arranged on 
both sides of the LL 4 provirus in the same pattern as 
found for the LL 1 provirus (data not shown). It is thus 
possible that the integration site in LL 4 is similar or 
identical to that used in the other three tumors. 

Bursal Tumors May Lack Normal RAW2 mRNAs 
and Exhlblt ~OVlNs-PrOIIIOted Transcription of 
Flanking Cellular DNA 
Proviruses contain regions whlch may supply s e  
quences important in initiation, polyadenylation and 
splicing of viral RNA. The deletions in the solitary 
proviruses LL 1 -LL 4 spanned either the postulated 
promoter region, the env mRNA donor splice site or 
both (see Figure 4). The deletion in the LL 4 provirus 
also removed most of the coding information present 
in the RAV-2 provirus (Figure 4). These results sug- 
gested that normal expression of viral genes could not 
occur in these tumors and that viral gene products 
may not be necessary for maintenance of the tumor 
state. 

To examine this possibility, we have attempted to 
analyze viral RNA in bursal tumors, using gel electrc- 
phoresis to determine the size and hybridization kl- 
netics to measure the concentration of ALV-related 
RNA. In Figure 6 we present autoradiograms display- 
ing viral RNA species, detectable with various hybrid- 
ization reagents, from a tumor bearing multiple RAV- 
2 proviruses (LL 21) and a tumor bearing a single 
defective RAV-2 provirus (LL 1 ). Analysis of RNA from 
tumor LL 21 showed that all three hybridization 
probes, cDNA,,, cDNAJ. and cDNA,. detected the 
normal RAV-2 mRNAs of 8.4 kb (mRNAoaa and 
mRNAO.g-w) and 3.2 kb (mRNA'"") (Figure 6 lanes 1 - 
3) expected in RAV-2-infected cella (Hayward. 1977; 
Weiss et al., 1977; Lee et ai., 1979; Quintreli et ai., 

1980); these species were also observed in parallel 
analyses of RAV-2-infected fibroblasts (Figures 7A- 
7C lane 1). However, cDNAs also detected an RNA 
species of abwt  2.4 kb which failed to anneal with 
the other cDNAs (lane 3). 

LL 1 did not appear to contain the normal RAV-2 
RNAs of 8.4 and 3.2 kb (Figure 6 lanes 4-6), as 
predicted from the structure of the provirus in this 
tumor (see Figure 4). Again, cDNAs recorded an RNA 
species (2.2 kb) (Figure 6 lane 6)  which did not anneal 
to cDNA, or cDNAz (lanes 4 and 51. We presume 

u. 21 U t  

k b i  2 3 4 5 6 k b  k b i  2 3 4 5 6 k b  

8.4- -8.4 

3.2- 9-52 
2.4- -22 

Flpure 7. Oetectlon 04 Atypical Viral RNA Species In Cell Unes De- 
rived from ALV-lnduced Bursal Lymphomas 
Total RNA (50 pg) from RAVP-infected flbrobbsts and from tumor 
lines described In the text was electrophoresed through 1 2% agarose 
containing methyl mercury hydroxide. transfened to activated OBM- 
cellulose paper and annealed to virus-specltic probes as described In 
Exparlmental Procedures. The probes am lndlcated beneath each 
panel. (Law 1) RAV-2-Infected fibroblast RNA; (lane 2) line BK 
4484A RNA (lane 3) line 110451 RNA; (lane 4) line 1104x4 RNA: 
(lane 5) line R28 RNA. The sizes of various RNA species (in kb) 
detected only with cDNA, are marked at the right: the sizes. of the 
normal specle8 of RAV-2 mRNA are marked at the left. The RNA on 
the DBMcellulose niter was sequentially annealed to each probe as 
described in Experimental Procedures. 
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that such transcripts join sequences copied from the 
Us region of RAV-2 DNA to sequences copied from 
flanking cellular DNA: mechanisms by which such 
transcripts might be generated are considered in the 
Discussion. We failed to detect any virus-specific RNA 
in samples of RNA from tumors LL 2 and 3 analyzed 
in parallel with RNA from tumor LL 1 using cDNA,~,,, 
cDNA? and cDNAs (data not shown). 

The analysis of gel-fractionated RNA from tumor LL 
1 was corroborated by determining the kinetics of 
hybridization of cDNLp  and cDNAs to LL 1 RNA in 
solution (data not shown). Seventy percent of cDNAs 
annealed to RNA from tumor LL 1 with a Crtrlz of 9 
x mole-sec/l. This corresponds to approxi- 
mately 10 copies of the 2.2 kb RNA per cell. Only 
25% of cDNA,, hybridized at a Crtl,2 value of 2 X 
1 0-4 molesec/l. This low level probably represented 
annealing of cDNA,., to transcripts from endogenous 
proviruses and cellular src (Wang et al., 1977: Spec- 
tor et al., 1978b). Parallel tests of RNA from ALV- 
producing cultured cells (EK 4484A) indicated that 
the cDNA,, and cDNA,, used in these experiments 
hybridized at similar rates and to similar extents with 
normal viral RNA (data not shown). Again, parallel 
solution hybridization of RNA from tumors LL 2 and 
LL 3 to cDN&. and cDNA,., failed to reveal virus- 
specific RNA present in concentrations higher than 
that expected from transcripts of endogenous provi- 
ruses (data not shown). 

Cultured Bursal Tumor Cells Also Contaln RNA 
Species Detected Only with cDNAs 
Three tissue culture lines established by Hihara et al. 
(1 974, 1977) (BK4484A; 1 1048-1 ; 1 104X-5) and a 
fourth (R2B) established by one of us (S. A. Court- 
neidge) from a tumor passaged in vivo by Okazaki et 
al. (1 980) all contain multiple acquired ALV proviruses 
(data not shown). Viral RNA species were detected 
using probes specific for various regions of the viral 
genome (Flgures 7A-7C lanes 2-5). Each line con- 
tained the normal two species of viral RNAs (8.4 and 
3.2 kb) which reacted with cDN&, cDNAJ, and 
cDNA5. (Figures 7A-7C) and were indistinguishable 
from species in RAV-2-infected fibroblasts (Figures 
7A-IC lane 1 ), However, each tumor line also con- 
tained RNA species detected only with cDNAv; such 
species were not observed in RAV-2-infected fibro- 
blasts (lane 1 in each panel) or in uninfected tissues 
from tumor-bearing or normal chickens (data not 
shown). The BK 4484A cells exhibited two RNA spe- 
cies (2.6 and 1.5 kb) which reacted only with cDNA, 
(Figure 7C lane 2). The cell lines 1 1048-1 and 1 104X- 
5, which were derived from the same tumor (Hihara et 
al., 1974) but had slightly different patterns of proviral 
restriction fragments, contained similar RNA species 
of 6 kb and 1.6 kb detected only with cDNA5 (Figure 
7C lanes 3 and 4). Three slze specles of RNA (6 kb, 
2.6 kb and 1.7 kb) were identified only with cDNAS, in 

R2B cells (Figure 7C lane 5). 
The most abundant RNA species detected only with 

cDNASt in each line was present at approximately 50 
to 100 copies per cell, as estimated from the intensity 
of bands in Figure 7C and from kinetic measurements 
of total viral RNA in line BK4484A. 

Discussion 

We have described the physical structure and genetic 
composition of proviruses and virus-specific RNAs 
present in bursal lymphomas from chickens with leu- 
kosis caused by avian leukosis virus and in tissue 
culture lines derived from ALV-induced bursal tumors. 
We have found that all tumors appear to be clonal 
(that is. each tumor consisted of a predominant pop- 
ulation of cells containing at least one provirus inte 
grated at a common site); most (9 of 12) tumors 
contained proviruses which incurred major deletions 
detected by restriction enzyme analyses (in 7 of 12 
tumors the altered provirus is the only exogenous 
provirus present in the tumor cells); in at least three 
tumors no normal species of viral RNA were detecta- 
ble, suggesting, in conjunction with the aberrant struc- 
ture of several solitary proviruses. that expression of 
viral genes is not required for maintenance of the 
tumor state; some bursal lymphomas and cell lines 
derived from bursal lymphomas exhibited RNA spe- 
cies which probably consist of sequences from the 5’ 
end of viral RNA joined io cell sequences; and in at 
least three tumors, single RAV-2 proviruses were lo- 
cated at very similar. if not identical, sites in the host 
genome. This constellation of findings is consistent 
with the proposal that ALVs may exert their oncogenic 
effects by altering expression of a subset of host 
genes, rather than by elaboration of a viral gene 
product. Similar data have been set forth by Nee1 et 
al. (1 981 ). 

Expression of Replicatlon Functions Is 
Unnecessary for Maintenance of the Tumor State 
The detailed physlcal maps of four solitary proviruses 
in bursal tumors suggest that normal expression of 
replication genes could not occur and therefore is not 
necessary for maintenance of the oncogenic state 
(Figure 4). Three of the proviruses sustained deletions 
which affected either the presumed viral promoter or 
the donor splice site for e m  mRNA. The fourth provi- 
rus incurred a deletion which removed most of the 
genetic information of the provirus. The apparent ab- 
sence of normal species of viral RNA in the tumors LL 
1 -LL 3 further supports the idea that expression of 
replication functions is unnecessary for maintenance 
of the tumor state. However, we cannot exclude the 
possibility that viral genes are instrumental in the 
initiation of tumor growth, since all of our experiments 
were performed with materials from advanced neo- 
plasms. As expected from the structures of the pro- 
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viruses in each tumor, we were unable to detect 
subgroup B virus in the bursal tumors LL 1, LL 3 and 
LL 4 (see Experimental Procedures). Subgroup B 
virus was detected in tumor LL 2. We believe this virus 
was produced by non-tumor cells containing a com- 
plete RAV-2 provirus which were present in the bursal 
tumor at a level undetectable by our hybridization 
analyses. 

Novel Species of RNA Are Present in Some Bursal 
Tumors and Tumor Cell Lines 
Although normal viral RNAs may be absent from tumor 
cells, we have observed RNA species which anneal 
only to cDNA? in tumor cell lines and in some tumors. 
These findings support the hypothesis that ALV in- 
duces tumors by promoting transcription of flanking 
cellular genes (see below). but we have also encoun- 
tered two tumors (LL 2 and LL 3) in which no virus- 
related RNA could be detected. The findings with LL 
2 and LL 3 could mean that the hypothesis is incorrect, 
that a second mechanism is also operative or that late 
changes in provirus structure or transcriptional activity 
have obscured the initiating events. 

Virus-specific RNAs which react only with cDNAs 
were first observed by Quintrell et al. (1 980) in lines 
of ASV-transformed mammalian cells. These tran- 
scripts were postulated to consist of viral U6 se- 
quences joined to host cell sequences. Synthesis of 

I 
A 

CELL MOVIUS CEU 
I 4 

t 
UII 

SPLICE 

11 I 

8 

v- 

Flgure 8. Possible Mechanisms for Generating Transcripts of Host 
Cell DNA horn a Vlral Promoter 
(A) In the first model, transcription initiates In the right LTR and 
procseds dlrectly into flanking cell DNA. The second model postulates 
that transcription originates in the left LTR and reeds IhrOUgh PosBlble 
termination signals in the rlght LTR. The Ilnal transcript is formed by 
a processing event which removes most of the viral 8~quenc~s. 
(E) The structure of the provirus in tumor LL 1 from which the left 
LTR had been deleted. The probable origin of the RNA which an- 
nealed only to cDNA5. la drawn below the provirus. 

normal species of viral RNA is thought to be initiated 
at the site within the left LTR corresponding to the 
capped nucleotide at the 5' end of the viral genome 
(Hughes et al., 1978: Sabran et al., 1979; Tsichlis 
and Coffin, 1980). Putative promoter sequences have 
been identified in the Us region and are thus found at 
both ends of each normal provirus (Sutcliffe et al., 
1980; Van Beveran et al.. 1980; Dhar et al.. 1980; 
Shimotohno et al., 1980; Czerniiofsky et al.. 1980; 
Hager and Donehower, 1980; Majors and Varmus, 
1980: Swanstrom et al., 1981 ). The RNAs which only 
anneal to cDNAs are probably generated by transcrip- 
tion of host cell sequences using a viral promoter 
supplied by an LTR positioned at the right or leR ends 
of normal or abnormal proviruses. Two models for the 
origin of these RNAs are diagrammed in Figure 8A. 
Transcription could originate within the right LTR and 
directly proceed into host cell sequences, or could 
originate within the left LTR and proceed through the 
entire provirus Into cell sequences. In the latter case, 
the RNA must then be processed (spliced) to remove 
most of the viral sequences. In the case of tumor LL 
1, which lacked the left LTR, the RNA probably origi- 
nated within the right LTR (Figure 8B). In other in 
stances in which such RNA species have been ob- 
served, we have yet to determine which LTR initiated 
the transcripts. 

Are ALV Proviruses Integrated into Slmilar Regions 
of the Genome in Different Bursal Lymphomas? 
Provlrus-promoted transcription of host sequences 
represents a mechanism by which ALVs could exert 
a tumorigenic effect. Recent experiments of Cooper 
and his colleagues (1 980) suggest that normal cell 
sequences taken out of the context of their normal 
flanking regions can exert transforming (oncogenic) 
effects. ALVs may subvert transcriptional control of 
certain cellular genes by inserting an upstream viral 
promoter; heightened or aberrant expression of such 
genes could conceivably extlngulsh growth control of 
B lymphocytes and produce leukosis. A similar mech- 
anism might be employed by mammalian retroviruses 
such as MuLV, MMTV and bovine leukemia virus, 
which also induce clonal tumors after a long latent 
period (Steffen and Weinberg, 1978: Cohen et al., 
1979; Cohen and Varmus. 1980; Jahner et al., 1980; 
Kettman et al., 1980). 

One prediction of this model is that the proviruses 
present in different tumors will be integrated near a 
specific subset of cell genes capable of exerting on- 
cogenic effects on the B lymphocyte. This does not 
imply that RAW2 integrates into a small number of 
sltes in the chicken genome. On the contrary, ample 
data suggest that retroviruses integrate into many 
sites in the host genome (Hughes et al., 1978; Steffen 
and Weinberg, 1978; Bacheler and Fan, 1979; Ca- 
naani and Aaronson. 1979; Cohen et al., 1979; Giimer 



Viral RNA and QNA in Bursal Tumors 
319 

and Parsons, 1979; Keshet et al., 1979; Ringold et 
at., 1979; van der Putten et al., 1979; Cohen and 
Varmus, 1980; Collins et al., 1980; Groner and Hynes, 
1980; Hughes et al., 19818; Jahner et al., 1980; 
Kettman et al., 1980; Majors and Varmus, 1981; 
Quintrell et al., 1980). We propose that RAV-2 infects 
many cells in the bursa, integrating at different sites 
in most cells. However, only a limited number of 
integration events may place the provirus in a position 
to initiate tumorous growth. This hypothesis could 
account for the clonal nature and lengthy latency of 
ALV-induced tumors. 

After completing the experiments described here, 
we learned from Hayward and his colleagues that the 
ALV proviruses in the tumors described by Nee1 et al. 
(1981) were inserted near the cellular sequences 
related to the putative transforming gene of myelocy- 
tomatosis virus-29 (MC-29); moreover, some of the 
RNA species detected with cDNAs but not with 
cDNA,, (Nee1 et al., 1981) appeared to anneal with 
cDNA specific for the transforming region of MC-29 
(Hayward et ai., 1981 1. We have therefore reexamined 
materials from our tumors with a probe derived from 
the same region of cloned MC-29 circular DNA (B. 
Vennstrom and J. M. Bishop, manuscript in prepara- 
tion). All of our tumors, including LL 1 -LL 4, contained 
proviruses closely linked to the cellular homolog of 
the MC-29 onc gene, confirming the results of Hay- 
ward et al. (1 981 ). In some cases, the MC-29-specific 
sequences were located to the 3' side of the provi- 
ruses; in LL 2 and LL 3 the MC-29-specific region 
was positioned on the 5'side of the proviruses. The 
latter results are consistent with the restriction maps 
of the integration sites for proviruses in LL 1-LL 3 
(Figure 5 )  and may be related to the absence of 
detectable viral RNA in LL 2 and LL 3. 

Cooper and Neiman (1 980) have recently found that 
NIH 3T3 fibroblasts can be transformed at high fre- 
quencies with DNA from ALV-induced bursal lympho- 
mas. ALV proviral sequences (including sequences 
from the LTR) did not appear to be required for trans- 
formation of the NIH 3T3 cells. Further work is re- 
quired to understand the relationship of these findings 
to those reported by us and by Nee1 et al. (1 981 1. 

Provlruses In Metastases 
Two of the tumors described in our report had metas- 
tasized to either the liver or spleen. The single abnor- 
mal provirus present in each metastatic growth was 
identical by restriction mapping to the provirus present 
in the primary bursal lymphoma. Thus provirus ampii- 
fication, virus spread or further major alterations in 
the structure of the provirus are not required to confer 
metastatic potential on the tumor cell population resid- 
ing in the bursa. Our findings are clearly inconsistent 
with the proposal by Neiman et al. (1 980) that ampli- 
fication of viral DNA is associated with metastatic 
potential. 

Deletions May Reflect Selection against Viral 
Expression 
The abnormal structure of the exogenous proviruses 
present in the tumors was a striking feature of our 
results. Eight out of 12 tumors contained only provi- 
ruses with significantly altered conformation. A ninth 
tumor contained both nondefective and defective pro- 
viruses. However, it seems improbable that the provi- 
rus must undergo a structural change to exert its 
oncogenic capacity. We and others (Neiman et al., 
1980; Nee1 et al., 1981; Y. K. Fung and H.-J. Kung, 
personal communication) have observed tumors con- 
taining only apparently normal exogenous proviruses. 
A more likely possibility is that cells containing abnor- 
mal proviruses defective in expression of viral anti- 
gens are selected during the process of tumor pro- 
gression by the host immune response to viral pro- 
teins, especially the env glycoprotein. 
We have encountered other examples of proviral 

deletions similar to those described here, involving 
sequences near or at the left LTR, under conditions 
which may select against the expression of viral 
genes. By selecting for phenotypic revertants of an 
ASV-transformed rat cell (Varmus et at., 1981). mu- 
tants bearing deletions affecting the left end of an 
ASV provirus and eliminating expression of the viral 
src gene have been obtained (Majors et al., 1980). 
Hughes et al. (1 981 b) and Hayward et al. (1 979) have 
described several deletions affecting the left ends of 
endogenous chicken proviruses; Hughes et al. 
(1 981 b) have proposed that these mutated proviruses 
may pose less of an evolutionary disadvantage to their 
host than intact proviruses, thus accounting for their 
prevalence. 

Experimental Procedural 

Source of Tumors 
Elghty SPAFAS line 11 and 35 RPRL I SIs x 71 day-ald chicks were 
hatched and pieced in plastic canopy isolators. Both lines of chickens 
are maintained under specific pathogen-free conditions and are free 
of common avian pathogens. Darticularly lymphoid leukosis viruses. 
At one Week of age. heparinized blood was collacted and packed 
cells were frozen for DNA analysis. Forty SPAFAS and 35 1 5Is x 72 
chlckens were inoculated at one week of age with lo6 Infectious units 
of a stock of Roueassociated virus-2 (RAV-2) propagated from 
plaque-purlfied material obtained from P. K. Vogt. The SPAFAS llne 
1 1  birds were maintained in isolators to 281 days of age. The 
inoculated birds were palpated for bursal tumors at least weekly from 
140 to 240 days of age. When bursal enlargemenl was noticed by 
palpation, the birds were bled and killed. Portlons of the bursa and 
any gross tumors were quick-frozen in liquid nitrogen. Portions of the 
brain, pantrees. muacle and Mood were elso aaved. Portions of each 
tissue. except blood, were saved for DNA a ~ ~ l y s i a  and were also 
fixed in formalin and examined for histopathological evidence of tumor 
cells. Sex- and agematched nonlnoculated control bkds were killed, 
and corresponding material was taken for extraction of DNA and 
RNA. The incidence of leukosis in the infected SPAFAS chickens was 
34% (1 I of 32 survivors). The incidence of leukosis in the 1 515 x 7$ 
chickens was 48.5% (16 of 24 survivors). Three 151. x 'J2 tumor- 
bearirm birda were also killed for analysis. The presence of subgroup 
B virus In the bursa was determined as in Crittenden et al. (1979). 
Bursal tumors, Spleen and muscle were also prepared from an addi- 
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tional group of 15b x 71 chickens Inoculated with RAV-1 (obtained 
from P. K. Vcgtl one day after hatching. 

Tumw Coli Linea 
Three tumor cell lines derived from lymphanas Induced by sutqroup 
A ALV were klndly provided by H. Hlhara. The lsolatlon and malnts 
nance of theaa linea has been described (Hihere et al., 1077). Briefly. 
11MB-1 and BK 4484A were paMaged by 1:lO dllutbn evwy 2-3 
days Into RPMl 1840 containing 10% letal calf serum (FCS) (Qlbco), 
1 0 %  tmtose-uhosphate broth CTPB) and 5 W/ml gentamycln. 
1104x4 was passaged In the same manner. except that trypsin wes 
used to harvest the cella 

The RAV-2-infected trawlantable tumor llne (LSCT-RPG) was 
provlded by W. Okazakl (Ok8zaki et al., t WO). The tumor llne was 
malntalned by InOCulatlon of 1 O*-1 0' cels Into the pectoral muscle of 
one-day-old 1515 X 7 ,  chlcks. A slnglecel suapenalon was made 
from one such tumor by teasing it apart wlth needbs; the cels were 
grown In RPMl1840 supplemented wlth 10% FCS. 10% TPB and 5 
&mi mtamycin. This cel llne was dedpnated R2B. me 10th In 
vitro passage of these cels wae tumorbnic when Inoculated onto 
the pectoral muscle of one-day-old chlcks (unpublished results of S. 
A. Caurtneidge). All of the cell llnes were grown In an atmosphere of 
10% COP and 7% 0 2  in nlbcgen. 

R.p.nUon and Clonlng of Viral DNA 
RAV-2 vlral DNA was obtahed from chick embryo flbrobbta 48 hr 
after Infedion with RAV-2 at a high multlplklty (mol - 1 lU/cell), 
Unintegrated viral DNA was prepared by Hlrt fractionation (Hlrt. 1967) 
as descrked peViOUSlY (DelOrbe et ai.. 1080). Supercoiled vlral DNA 
wa8 isolated from H H  supernatant fractions by acid phenol extractlon 
(zasloff et al.. 1978). Supercoiled RAV-2 DNA was dbested with Sac 
I and cloned into bacteriophage AgtWES .AB as described by DeLorbe 
et al. (1 980). 

R.p.ration of Hbh M o k u l r  Wdght DNA hom ChlckM T I u w  
Frozen Nssue (approximately 1 g) was mlnced with a razor blade and 
added to 10 ml of buffer contalning 10 mM Tris-HCI, pH 8.1, 250 

homogenization (one stroke) using a motor-driven CTalboys Engineer- 
lng, Inc.) Dounce homogenizer. Protesss K (Merck) (200 pg/mi) and 
SDS (1 %)were added, and the solution wee Incubated at 5O'C for 3 
hr. then extracted wlth pheno1:chloroform (1:l) until the aqusoua 
phase clearad. The aolutlon was then extracted one time with chlo- 
roform, and the nucleic acid preclplteted wlth two volumes of ethanol. 
Praclpltated DNA was removed by spoollng the fibem around a glass 
rod, drained and resuspended In TE (10 mM Tris-HCI. pH 8.1,l mM 
NGDTA). 

Preparrtbn of Nigh M0Iecuh.r Weight DNA from Cell L l m  
Cella were pelleted and washad twice with Trb-glucose (0.14 M 
NaCI. 5 mM KCI. 5 mM glucose. 25 mM Trk-HCI. pH 7.4). The cells 
were resuspended In TE buffer et a flnal wnmntratlon of approxC 
mately 10'/ml. The calla were lysed by adding Protease K (200 pg/ 
ml) and 1% SDS and incubating sa described above. The aolutton 
we8 extracted with phen0I:chbroform. Preclpitated and reauBpended 
as descrlbed above. 

mM NasEDTA and 25% V/V glycerol. T b  tissue W a s  dispersed by 

Rup.ntion 01 RNA from Chickon Tiow 
Whola-cell RNA was prepared uslng a mDdmcatIon of the guanldinlum 
thlocyanete procedure developed by Chlrgwin (Ulrlch et 81.. 1977) 
and described by Robertson and Vannus (1979). 

Prepuation of RNA ham nraw culture ce ib  
We extracted RNA from whole cella as h r l b e d  previously (Wolss 
et al., 1977). 

Annlyelm of Cellular DNA and Vfral DNA with Re8triction 
Endonuck- 
DNA prepared as described above was cleaved with restrlctkn en- 
donucleases and fractionated by electrophoresis through agarose 
gels. The fractionated DNA was transferred to nitrocellulose mem- 

branes for aubaequent analysis wlth radioactlve 4)NAs (Southern. 
1975). We have described the detalls of these procedures elsewhere 
(Shank et el.. 1078). 

h l y d a  of Vlral R M  
RNAsware fractbnated through 1.2% agarow gelscontainlnp methyl 
mercury hydroxide. banalerred to dlazobenzyloxymethyl cellulose 
paper (&wine et al.. 1977) and hybridized aequentlally to multiple 
radioactive cDNA5 as described by Clulntrell et al. (1 980). 

hlocu inr  Hybrldiutlon In S o l u t h  
RNA wa8 hybrldized with radioactlve cDNAs In solutlon as described 
previously neong et al.. 1972). The percent hybrldization was nor- 
malized to the maximum hybrldlzation achieved using RNA from ALV- 
Infected bursal lymphocytes derived from a bursal lymphoma (line BK 
4484A see ebove). The data was expressed as a function of crt 
(moIe-eec/l) corrected to standard condltlons. The number of copies 
of RNA per cell was calculated as described In Spector et al. (1 978b). 

R.paratlon of Mokuhr HylxldIzatlon Prow 
We have described previwaly the pre-paratlon and characterization 
of cDNA, (Shank et ai.. 1878) and cDNA, (Tal et el.. 1977). The 
Bern C probe and. In some 08886, C D N L  were prepared using 
reetrlction fragmenm deshred from SR-A RSV cloned In bacteriophage 
AgtWESAB end aubcbmed Into pBR322 (OeCorbe et al., 1980). The 
BpprOpriate restriction fragments were purined from pBR322 either 
by centrlfugatlon through a sucrose gradmt (DeLorbe et ai., 1080) 
or by dectr@ores& through low-meltlng (Seaplaque) agarose gels. 
The restriction fragments were localized in the gel by banslllumlnatlon 
wlth ultraviolet light, and the appropriate reglon of the gel was 
removed and resuspended In a large volume. usually 20 ml, of STE 
(0.3 M NaCI. TE) plus 0.5% SDS and incubated at 68°C for 30 min. 
The dut lon was extracted with one volume of phenol. and the phenol 
phase was reextracted with STE. This dut lon was extracted lhree 
times with butanol:lwpropyl alcohol (73)  and the DNA was precipi- 
tated wlth two volumes of ethanol. 

Probes ware syntheslzed using these restrlction fragments as 
templates as daffirlbed by Shank et al. (1 978). wlth the following 
changes: a denatured DNA restriction hagmenl was subatltuted for 
the RNA template. and a ratio of 60 pa 01 calf thymus primers to 1 
pg of restrlctlon fragment was employed. 

&NAB. was prepared by incubating 9 pg of 70s vlral RNA In a 300 
@ reactlon mix, almllar to that used h the preparation of CON&, 
excapt that oUgo(dn was omitted. the concentratlon of the unlabeled 
nucleotides was 25 $4 and 300 pCl of a "P-dCTP (2000-3000 Cl/ 
mmole. Amersham or NENI was d. The reactlon product was 
separated from unlncorporated nucleotides by gel Rltration with Seph- 
arose 6 5 0  and loaded ~1 an 8% aequencing gel (Maxam and Qllbert. 
1977). Bands representing cDN&s(,m, end dlNA~e,,~~ (Frledrich et al. 
1977) ware lxated by autoradiography and eluted from gel slices 
according to the procedure of Maxam and GIlbert(1977). CDNA~~,,~, 
was used for analyuia of cellular DNA and C D N A . ~ ~ ~ ~  for analysis of 
RNA. 
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